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O R I G I N A L  A R T I C L E
Plasticity in gene transcription explains the differential 
performance of two invasive fish species


































does	 not	match	 those	 expected	 for	 a	 return	 to	 homeostatic	 status.	 Transcriptional	










In	 recent	 decades,	 there	 has	 been	 renewed	 interest	 in	 phenotypic	
plasticity	as	a	mechanism	that	facilitates	species	persistence	in	novel	














fitness	 advantage;	Price,	Qvarnstrom,	&	 Irwin,	 2003),	 demonstrated	
plasticity’s	 role	 in	 facilitating	genetic	adaptation	through	genetic	ac-
commodation	 (West-	Eberhard,	 2003)	 and	 distinguished	 between	
plasticity	that	is	adaptive	(beneficial	for	an	organism’s	fitness	but	not	
a	product	of	selection)	and	plasticity	that	is	an	adaptation	(beneficial	







in	 population	 establishment,	 persistence,	 and	 expansion.	 Blackburn	
et	al.	 (2011)	developed	a	conceptual	model	to	describe	the	 invasion	


























greater	 plasticity	must	 compare	 species	with	 similar	 invasion	 timing	
and	histories.
There	 is	 a	 growing	 body	 of	 the	 literature	 implicating	 gene	 ex-
pression	variation	as	a	mechanism	that	facilitates	plastic	phenotypic	
responses	 to	 environmental	 change	 (Aubin-	Horth	 &	 Renn,	 2009;	
Schlichting	&	Smith,	2002).	Gene	expression	is	a	phenotype	that	re-
sponds	 to	 environmental	 cues	 and	 is	 the	mechanistic	 basis	 for	 dif-
ferent	phenotypes	expressed	by	different	types	of	cells,	tissues,	and	
organisms	 (Wray	 et	al.,	 2003).	Gene	 transcription,	 the	 initial	 step	 in	
gene	expression,	has	 shown	 the	capacity	 to	evolve	both	changes	 in	




anism	underlying	plastic	 traits	 in	wild	populations;	examples	 include	
salinity	 tolerance	 (Lockwood	 &	 Somero,	 2011;	 Whitehead,	 Roach,	






acute	 exposure	 and	 long-	term	 acclimation	 to	 thermal	 stress	 have	
been	documented	 in	 a	 diverse	 array	 of	 taxa	 including	 plants,	yeast,	






























(Proterorhinus semilunaris,	 Heckel)	 are	 two	 species	 of	 fish	 from	 the	
family	Gobiidae	that	possess	overlapping	geographic	ranges	and	hab-
itat	 in	 their	 native	 Ponto-	Caspian	 region	 of	 Eastern	 Europe.	 These	
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species	 were	 both	 first	 detected	 in	 North	 America	 in	 the	 St.	 Clair	






initial	 introduction	 and	 occur	 at	 low	 population	 densities	 (Figure	1).	
There	 is	 limited	 information	 about	 factors	 that	 may	 have	 differen-
tially	restricted	range	expansion	for	these	species.	Round	goby	have	
small	home	ranges	(~5	m2;	Ray	&	Corkum,	2001)	and	typically	do	not	























higher	 standard	 metabolic	 rates	 at	 elevated	 temperatures	 (O’Neil,	









differences	 in	 thermal	 tolerance,	we	use	RNA	sequencing	 (RNAseq)	
to	characterize	the	liver	transcriptomes	of	round	and	tubenose	goby	
in	response	to	acute	exposure	to	increased	and	decreased	tempera-
tures.	 Liver	 tissue	 is	 a	 key	 regulator	 of	 a	 fish’s	metabolic	 processes	







tubenose	 goby.	Transcriptional	 profiling	 has	 enormous	 potential	 for	
applications	in	conservation	biology	(e.g.,	He	et	al.,	2015;	Miller	et	al.,	




2.1 | Sample collection and experimental design
Round	 and	 tubenose	 gobies	 were	 collected	 in	 the	 first	 week	 of	
October	2014	from	the	Detroit	River	using	a	10-	m	beach	seine	net.	






and	 no	 fish	 died	 during	 the	 experimental	 procedures.	 Gobies	were	
immediately	 transferred	 to	 the	 aquatics	 facility	 at	 the	 Great	 Lakes	





trolled	 water	 temperature.	 The	 three	 temperature	 conditions	 were	






























566  |     ﻿WEELBAND BAND  ﻿WBA﻿
during	 range	expansion	 from	 the	St.	Clair	River	 throughout	 the	ex-
tent	of	the	North	American	range	expansion	of	round	goby	but	less	






were	weighed	 and	measured	 and	 liver	 tissue	was	 immediately	 dis-
sected,	preserved	in	a	high	salt	solution	(700	g/L	ammonium	sulfate,	
25	mM	 sodium	 citrate,	 20	mM	 ethylenediaminetetraacetic	 acid,	 pH	
5.2),	and	stored	at	−20°C.
2.2 | RNA sequencing and de novo 
transcriptome assembly
RNA	 was	 extracted	 from	 liver	 tissue	 using	 TRIzol®	 reagent	 (Life	
Technologies,	 Mississauga,	 ON)	 following	 the	 manufacturer’s	 pro-
tocol.	RNA	was	dissolved	in	sterile	water	and	treated	with	TURBO™ 











Raw	 reads	 were	 pooled	 by	 species	 and	 de	 novo	 transcriptome	
assemblies	were	created	for	each	species	of	goby	using	Trinity	v3.0.3	





















well	 or	 better	 than	 other	 current	 methods	 for	 clustering	 transcripts	














ability	 of	 gobies	 to	 alter	 transcriptome-	wide	 gene	 expression	 in	 re-
sponse	to	environmental	perturbation	(temperature	treatments).	The	
second	set	of	analyses	focused	on	the	function	of	responding	genes,	












using	 trimmed	mean	 of	M-	values	 (Robinson	&	Oshlack,	 2010)	 that	



















response	 for	 genes	 that	 were	 identified	 as	 statistically	 significantly	
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responding	to	temperature	challenge.	For	this	analysis,	we	considered	





To	 further	 facilitate	 comparison	 of	 gene	 transcription	 variation	
between	 species	 and	allow	combining	 the	 species-	specific	datasets,	
we	 identified	putative	orthologous	genes	using	 reciprocal	best	blast	
hits	 for	 round	 goby	 and	 tubenose	 goby	 transcripts	 using	 the	 blastn	







logs	 throughout	as	 “putative”	 to	 reinforce	 their	preliminary	designa-
tion.	We	used	the	putative	orthologous	gene	information	to	analyze	
paired	comparisons	of	species-	specific	Log2	fold	changes	to	tempera-
ture	 in	 each	 challenge	 (Log2	 fold	 change	 from	 species-	specific	 one-	
way	GLMs	above).	We	included	only	orthologous	genes	identified	as	





We	 then	 combined	 the	 raw	 gene	 transcription	 count	 data	 from	
both	 species	 for	genes	 that	were	putatively	orthologous	and	 tested	
for	species	differences	in	transcription	at	the	shared	expressed	genes	
using	 two-	factor	 GLMs	 for	 each	 temperature	 challenge.	 The	 two-	
factor	 negative	 binomial	 GLMs	were	 implemented	 in	 “edgeR,”	 with	


















and	 negative	 fold	 changes	 indicated	 genes	 consistently	 transcribed	
higher	by	round	goby.	Wilcoxon	rank-	sum	tests	were	used	to	test	for	




2.3 | Plasticity in gene function
The	second	set	of	analyses	 investigated	differences	 in	regulation	of	
gene	 function	 between	 round	 and	 tubenose	 goby.	 We	 annotated	
our	sequences	with	Gene	Ontology	(GO;	Ashburner	et	al.,	2000)	 in-
formation	 using	 Blast2GO	 v3.1	 (Conesa	 et	al.,	 2005).	 Briefly,	 tran-
script	sequences	were	compared	for	sequence	homology	to	records	
in	 the	 nonredundant	 (nr)	 protein	 database	 of	 the	 National	 Center	
for	 Biotechnology	 Information	 (http://www.ncbi.nlm.nih.gov)	 using	
the	blastx	algorithm	from	BLAST+	v2.19	(Camacho	et	al.,	2009)	with	
an	 e-	value	 cutoff	 of	 0.001.	 Goby	 transcripts	 were	 then	 associated	
with	GO	terms	based	on	the	GO	annotations	for	the	transcripts’	top	
BLAST	 hits	 using	 the	GO	 association	 database	 from	15	 September	
2015	 (The	Gene	Ontology	Consortium,	2015).	To	account	 for	 tran-
script	length	biases	in	the	ability	to	detect	differential	expression	from	
RNAseq	 data,	 we	 tested	 for	 over-	representation	 of	 GO	 categories	
present	 in	 our	 contrasts	 of	 interest	 using	 the	 “goseq”	 v1.18	 pack-
age	(Young,	Wakefield,	Smyth,	&	Oshlack,	2010)	in	R	v3.1.3	(R	Core	
Team	2016).	Specifically,	we	tested	for	functional	enrichment	(over-	













3.1 | RNA sequencing and de novo transcriptome 
assembly








reference	 (Table	S1).	Corset	 transcript	 clustering	 reduced	 the	number	
of	unique	“genes,”	or	transcript	clusters,	to	63,231	for	round	goby	and	
(1)Xijk = Ti+Sj+ Iij+eijk






















To	 first	 characterize	 transcriptome-	wide	 patterns	 of	 plasticity,	 we	
identified	 differentially	 expressed	 genes	 using	 univariate	 GLMs	 for	
each	species	and	temperature	treatment.	Results	from	the	individual	
species	GLMs	indicate	that	only	a	minority	of	genes	in	both	species	
responded	 plastically	 to	 temperature	 challenge	 (high	 temperature:	



































p valueN Mean (SD) N Mean (SD) W
All	genes
Increased	temperature 26,215 0.423	(0.58) 23,648 0.417	(0.46) 2.96	×	108 <2.2	×	10−16
Decreased	temperature 26,215 0.771	(0.82) 23,648 0.726	(0.77) 3.20	×	108 9.6	×	10−11
Differentially	expressed	genes
Increased	temperature
Upregulated 308 2.55	(1.50) 225 2.29	(1.32) 3.85	×	104 .029
Downregulated 334 −2.83	(1.56) 199 −2.01	(1.24) 4.64	×	104 1.6	×	10−14
Not	DE 25,573 23,224
Decreased	temperature
Upregulated 2,922 1.84	(1.09) 2,806 1.83	(1.04) 4.02	×	106 .21
Downregulated 2,941 −1.80	(0.99) 2,264 −1.67	(0.91) 3.68	×	106 1.1	×	10−10
Not	DE 20,352 18,578  
Orthologous	genes
Increased	temperature
Upregulated 345 1.11	(0.90) 345 0.75	(0.81) 3.9	×	104 4.6	×	10−7
Downregulated 338 −0.98	(0.99) 338 −1.01	(0.49) 2.1	×	104 2.1	×	10−5
Not	DE 10,481 10,481
Decreased	temperature
Upregulated 2,313 0.99	(0.77) 2,313 1.00	(0.78) 1.4	×	106 .70
Downregulated 2,418 −1.01	(0.67) 2,418 −0.93	(0.60) 1.59	×	106 6.9	×	10−5
Not	DE 6,433 6,433  
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transcription	 in	 terms	of	 the	proportions	of	differentially	 expressed	
genes	are	similar	between	the	two	species	(Table	1).	In	contrast,	Log2 





putative	 orthologous	 genes,	 the	 pattern	 remains	 the	 same,	 except	
for	genes	downregulated	in	response	to	high	temperature	where	the	
pattern	of	greater	average	 fold	change	 is	higher	 for	 tubenose	goby	
(Table	1;	Figure	4).
The	 two-	factor	 GLMs	 with	 species	 and	 temperature	 as	 factors	
identified	 76	 (0.7%)	 gene	 orthologs	 with	 a	 significant	 species-	by-	
temperature	 interaction	 effect	 in	 the	 high-	temperature	 treatment	
and	 823	 (7.3%)	 gene	 orthologs	 in	 the	 cold	 temperature	 treatment.	
Functional	 annotation	was	 available	 for	 44	 gene	 orthologs	 demon-
strating	 a	 significant	 interaction	 in	 the	 high-	temperature	 treatment	
and	560	gene	orthologs	in	the	cold	temperature	treatment.	The	only	
biological	 process	 significantly	 over-	represented	 by	 any	 of	 these	
	responses	was	present	in	response	to	cold	temperature	challenge	and	
was	 for	 genes	 involved	 in	 steroid	hormone-	mediated	 signaling	 (GO:	
0043401,	11	differentially	expressed	genes,	35	total	genes	with	this	














are	over-	transcribed	 to	 a	 greater	 degree	 than	 the	 genes	 that	 round	
goby	over-	transcribes	relative	to	tubenose	goby	(Figure	5).	This	differ-
ence	corresponds	to	tubenose	goby	having,	on	average,	11%	higher	
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3.3 | Plasticity in gene function
The	 second	 set	 of	 analyses	 investigated	 biological	 function	 associ-






Round	 goby	 did	 not	 exhibit	 over-	representation	 of	 upregulated	
transcription	 for	 any	 biological	 processes	 in	 response	 to	 increased	
temperature	 but	 did	 exhibit	 over-	representation	 of	 downregulation	













representation	 of	 many	 upregulated	 biological	 processes	 (N	=	81),	
including	carboxylic	acid	metabolic	processes	typical	of	phospholipid	
membrane	 alterations,	 transport	 of	 basic	 amino	 acids	 (arginine	 and	
lysine),	and	biosynthesis	of	carbohydrates	typical	of	antifreeze	func-
tions,	negative	regulation	of	apoptosis,	and	proteosomal	activity	char-
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regulated	 biological	 processes	 in	 response	 to	 reduced	 temperature,	
after	correction	for	multiple	tests.	 Interestingly,	round	and	tubenose	
goby	 shared	14	 biological	 processes	 that	were	 over-	represented	 by	
genes	 upregulated	 in	 response	 to	 decreased	 temperature	 (Figure	6,	
Table	S3).	All	of	 these	processes	were	for	response	to	stimulus	sug-









regulated	 genes	 separately	 in	 each	 temperature	 treatment	 (Table	3).	












We	 demonstrated	 liver	 tissue	 transcriptional	 differences	 between	
round	 and	 tubenose	 gobies	 in	 response	 to	 acute	 temperature	 chal-
lenges	 that	 may	 contribute	 to	 the	 dramatic	 differences	 in	 the	 geo-
graphic	extent	of	invasion	of	these	two	species.	Round	goby	possessed	
a	 greater	 scope	 for	 transcriptional	 response	 to	 altered	 temperature	






to	 maintain	 or	 regain	 homeostasis	 following	 rapid	 changes	 in	 tem-




























p valueN Mean (SD) N Mean (SD) W
Increased	temperature
Upregulated 51 1.33	(0.90) 92 1.37	(0.87) 2.25	×	103 .712
Downregulated 95 1.02	(0.85) 43 1.16	(0.77) 1.78	×	103 .232
Decreased	temperature
Upregulated 639 1.01	(0.75) 538 1.18	(0.78) 1.43	×	105 8.28	×	10−7
Downregulated 693 1.02	(0.67) 700 1.13	(0.71) 2.18	×	105 .001
No	temperature	response
No	difference 1,806 1.11	(0.83) 1,825 1.27	(0.94) 1.48	×	106 1.43	×	10−7





The	 response	 of	 round	 goby	 to	 thermal	 stress	 suggests	 that	 it	








lower	 thermal	 limits	 for	 these	 species	would	 be	worthwhile.	 Broad	
thermal	tolerance	has	been	previously	associated	with	higher	invasion	
success	 (Bates	 et	al.,	 2013),	 and	 our	 transcriptional	 results	 suggest	





to	acclimate	 to	a	broad	 range	of	environments	and	may	have	 limited	
the	 range	 expansion	 of	 tubenose	 goby.	 Indeed,	Antarctic	 fishes	 that	
have	evolved	in	very	stable	environments	have	completely	lost	a	heat	




















expansion	 and	 impact)	 and	 physiological	 differences	 (thermal	 limits	















































































































































































































































































with	 adaptive	 responses	 to	 thermal	 challenge	 than	 those	 observed	
in	 the	 tubenose	goby.	Round	goby	altered	biological	 processes	 that	
are	 characteristic	 of	 acute	 responses	 to	 temperature	 reported	 in	
other	species	with	broad	thermal	tolerance	(e.g.,	ubiquitin-	dependent	




however,	 with	 the	 exception	 of	 innate	 immune	 response	 to	 tissue	
damage,	tubenose	goby	did	not	respond	with	the	same	biological	pro-
cesses	as	round	goby.	This	highlights	an	important	difference	between	








ism.	Variation	 in	 the	 timing	of	 transcriptional	 response	 to	a	 stressor	
(e.g.,	Whitehead	 et	al.,	 2012)	 could	 explain	 the	 observed	 difference	
between	species;	however,	delayed	induction	of	biological	responses	
by	 tubenose	 goby	would	 likely	 also	 be	 maladaptive,	 especially	 if	 it	

















in	 inflated	variance	estimates	 that	 inhibit	our	 ability	 to	detect	more	
subtle	differential	expression;	thus,	our	list	of	differentially	transcribed	
genes	 should	 be	 considered	 conservative.	 Despite	 this	 limitation,	


































may	 reflect	 source	 population	 characteristics	 if	 selection	 pressures	














N R N R
Increased	temperature
Upregulated 6 4.1–8.2 4 3.9–10.1
Downregulated 8 5.2–8.1 6 2.6–8.3
Decreased	temperature
Upregulated 67 3.1–8.1 60 3.1–9.5
Downregulated 56 3.1–7.8 50 2.8–7.4








isms	as	 static	entities	and	 ignore	 the	 role	of	plasticity	and	evolution	
in	determining	invasion	risk	(Whitney	&	Gabler,	2008).	Plasticity	may	
confer	 invasion	success	by	either	 increasing	 fitness	 in	both	unfavor-
able	and	favorable	environments	(Richards,	Bossdorf,	Muth,	Gurevitch,	
&	Pigliucci,	2006).	Broad	thermal	tolerance	should	increase	fitness	in	
unfavorable	 environments	 and	 has	 been	 associated	 with	 range	 ex-
pansions	 (Bates	 et	al.,	 2013).	The	 role	 of	 transcriptional	 plasticity	 in	
determining	thermal	tolerance	suggests	that	assessment	of	transcrip-
tional	profiles	under	 thermal	stress	may	be	a	valuable	 tool	 to	assess	




ment	 in	 a	 novel	 environment.	Comparative	 genomics	 has	 enormous	
potential	to	identify	the	mechanistic	basis	of	variable	acclimation	ca-
pacity	among	groups	of	organisms	(Whitehead,	2012).	We	have	used	
a	 comparative	 approach	 to	 further	 demonstrate	 that	 differences	 in	







establishment	of	 the	most	plastic	 invaders.	Assessing	 transcriptional	
plasticity	 in	 response	 to	 acute	 stressors,	 such	 as	 temperature,	 com-
bined	with	knowledge	of	 the	 relationship	between	transcription	and	
physiology	(e.g.,	high	transcriptional	response	is	beneficial	for	thermal	
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